Abstract wind tunnel tests, the installed propulsive efficiency of the advanced turboprop or prop-fan is In order for new short-medium range transports projected to be about 20 percent better at Mach 0.8 to offer significantly lower opera t ing casts than than a high-bypass-ratio turbofan ( fig. 4 ). This potential derivatives of current designs using adefficiency advantage is even greater at lower vanced technology, the efficiency improvements of speeds, increasing to 35 to 40 percent at Mach 0..7. high-speed turboprop propulsion systems may be required. Recent studies indicate that the fuel The purpose of this paper is to review the savings of advanced turboprop aircraft appears to current status of research on advanced turboprops. be 10 to 20 percent relative to equivalent technol-This is done by reviewing the results of advanced ogy turbofan aircraft. .These fuel savings are carturboprop aircraft studies, by discussing current tainly large enough to warrant further research to research programs, and by reviewing NnSA's prelimiestablish the viability of turboprop transport airnary plans for continued development of the advanced craft. The studies have identified the technology turboprop concept. requirements in propeller design for high efficiency. and low noise, fuselage noise attenuation, propeller Advanced Turboprop Aircraft Studies and gear box maintenance, and engine-airframe inte-Station. This paper presents a review of present In order to evaluate the advanced turboprop's research in each of these areas and describes the overall impact an complete aircraft configurations future plans for continued development of the tech-and to identify the critical technology areas nology for advanced turboprop transport aircraft. three design studies have been completed. 0-91 The following . sections will discuss the configurations Introduction used in these studies, the resulting fuel and operating cost savings potential, and passenger accep-Since 1973 airline fuel prices have tripled tance of a new advanced turboprop transport.(10) ( fig. 1 ).
Even though labor costs have also increased substantially over this period, these fuel Study Configurations price increases have resulted in fuel cost accounting for a much larger fraction of direct operating
In the first dealggn study, with the Lockheedcost. In 1973, fuel cost amounted to 25 percent of California. Company, (3-5 ) a four-engine advanced the direct operating cost for the average operation turboprop-powered aircraft was compared with an of a Boeing 727; in 1975 it had risen to 38 percent. equivalent technology level advanced turbofan Currently, the U.S. airlines use about 10 billion WTIOD) powered aircraft ( fig. 5 ). These aircraft gallons of fuel. Bence, each 1 cent per gallon inwere both designed to carry 200 passengers in equal crease in the price of fuel will cost the airlines comfort for a maximum range of 2778 km (1500 n.mi.) 100 million dollars per year.
at Mach 0.8 .cruise speed.. The technology levels reflect 1985 service introduction and include a Over one-half of the fuel used by the U.S. supercritical airfoil, aspect ratio 10 wing, active scheduled carriers is used for stage length 9 2 £ less than 1000 statute miles (figs. 2 and 3 11 1 ), controls for longitudinal stability augmentation, and composite secondary structure. The advanced Also, one-half of the total fuel is used by the prrpeller or prop-fan is powered by a Pratt S short-medium range Boeing 727, 737, and Douglas Whitney study turboshaft engine (STS 476) based. on DC-9 aircraft types. This appears to be a promising the JT10D engine core. For the design range of market for an advanced turboprop-powered transport 2778 km (1500 n.mi.),. the takeoff gross weight of aircraft.
--the two aircraft is about equal. This occurs because the prop-fan fuel savings is almost equally In the 1950 1 s, the seemingly unlimited supplies balanced by a higher empty weight. The increased of cheap jet fuel, coupled with the speed and alti-prop-fan aircraft empty weight reflects increased tude advantages of the turbojet, resulted in its wing weight to accommodate prop-fan torsional loads, being favored over the 1950's turboprop.
Todays .increased prop-fan nacelle weight, and increased. environment of higher fuel prices and energy con-fuselage weight to attenuate the propeller noise in serration has necessitated a re-examination of the cruise.
turboprop. This. re-examination is based on a new highly loaded, multibladed turboprop using advanced The second prop-fan dealgn study was with the blade. structure and aerodynamics technology for ef-Douglas Aircraft Company.( 6 . 7 1 For this study, the ficient, high-speed operation. Because this concept. .DC9-30'was used as a firm basis of comparison and lies somewhat between the conventional turboprop a derivative of this aircraft using prop-fan proanda high-bypass-ratio turbofan, the Hamilton pulsion was examined. (fig. 6 ). With mixed. class Standard Division of United Technologies refers to seating, the DC9-30 can accommodate 92 passengers, it as the prop-fan. Based on recently completed 12 in first class with 4 abreast and 96.5-cm (38-in.) pitch seating, and 80 in coach with 5 abreast and 86.4-em (34-in.) pitch seating. The prop-fan derivative was not resized to the same design range. Instead, the gross takeoff weight and payload r.re held constant. The takeoff, approach, and cruise performance of the prop-fan derivative were chosen to match the baseline DC9-30 performance and the prop-fan was sized for Nach 0.8 cruise at 9144 m (30 000 ft) altitude. With the exception of moving the wing forward to rebalance the aircraft with wing mounted engines and a 30 percent increase in the vertical tall area for engine out control, the derivative prop-fan aircraft is virtually identical to the current DC9-30. The increase in operating empty weight is due to the heavier prop-fan propulsion system, additional fuselage structure end insulation for propeller noise and vibration attenuation, and slightly higher flight controls and hydraulic system weights for a larger, douule-hinged rudder.
The third and most recent design study (9 s 9) with the Boeing Commercial Airplane Company. In this study, two prop-fan powered configurations were compared with an equivalent technology level advanced turbafan-powered aircraft ( fig. 7 ). These ..aircraft were designed to carry 180 passengers in equal comfort for a maximum range of 3334 km (1800 n.mi.) at a cruise speed of Mach B.S. All three configurations are twin-engine, wide-body aircraft using 1976 design airframe technology and engine technology corresponding to 1980-1985 certification. One prop-fan design has the engines mounted on the wings, the other has the engines mounted on struts attached to the fuselage aft-body. The higher operating empty weights of the two prop-fan aircraft reflect the heavier prop-fan propulsion system, Also, for the wing-mounted prop-fans, a substantial weight penalty, 2667 kg (5880 lb), is included for cabin noise suppression to the interior levels of the turbofan aircraft. The arrangement with the aft-body mounted prop-fnns was designed to reduce that penalty. However, for this aircraft, additional structure is required for the engine struts, heavier skin gages must be used in the region of the propeller to prevent acoustic fatigue, aircraft balance requires moving the wing aft, and the shorter tail moment arm necessitates larger horizontal and vertical tails. The increased gross takeoff weights for the prop-fan aircraft result from the higher empty weights and the inability to counter this completely with fuel weight savings for the 3334 km (1800 n.mi.) mission.
.Because of different study ground rules and assumptions, the prop-fan aircraft fuel savings range from as low as 6 percent to a high of 28 percent in comparison with their turbofan counterparts for a 1852 km (1000 n.mi.) stage length ( fig. 8 ). In all cases, the increased efficiency .advantages of the prop-fan .compared to tile turbofan at lower altitudes and speeds results in greater fuel savings at shorter stage lengths. This is one reason 'why the prop-fan looks particularly attractive for the short-medium haul markets currently being served by the DC-9, B-737, and B-727 aircraft.
The largest fuel savings are for the prop-fan derivative DC9-30,. (6 + 7 ) The fuel savings are larger thanobtained in the other two studies because the comparison is with the currentDC9-30 using low-bypass-ratio dT8D turbofan engines. In.
the Douglas Study two Levels of prop-fan performance were examined. One prop-fan design was based on performance levels corresponding to an 8-bladed prop-fan with a rotational tip speed restricted to 219.5 m/sec (720 fps), corresponding to the Lockheed Electra, and current technology turboshaft engine performance. This resulted in a propeller efficiency of 0.73 and an installed cruise thrust specific fuel consumption (TSFC) of 0.0738 kg/hr/N (0.65 lb/lb/hr). The other prop-fan design was based on an 8-bladed prop-fan with a 243.8 m/sec (800 fps) tip speed and turboshaft engine performance corresponding to the STS-476, a Pratt 6 Whitney study turboshaft engine based on the 1T10D engine core. This resulted in a propeller efficiency of 0.80 and an installed TSFC of 0.0602 kg/hr/N (0.53 lb/1b/hr). Depending on the assumed propulsion system efficiency, the derivative prop-fan uses from 27 to 33 percent less fuel than the DC9-30 at its average operational stage length of 537 km (290 alai.). For the same takeoff gross weight and a. passenger load factor of 58 percent, thin fuel savings translates into a maximum range capability improvement of 41 to 73 percent, depending an the propulsion system efficiency assumed.
Admittedly, the fuel savings shown for the prop-fan derivative are higher because the comparison is with an older technology low-bypass-ratio turbofan rather than comparable technology turbofan. However, the prop-fan derivative does not include the application of any of the other advanced aerodynamics, structures, or active controls tech-' nologies that can improve the efficiency still further. Also, the low-bypass-ratio engines are the ones that are currently in-service and being sold In large quantities on this airplane type.
In the Lockheed design study,( 3-5 ) both the prop-fan and the turbofan were developed using 1.985 technology levels. The resulting fuel savings for the prop-fan aircraft were 20.4 percent for a typical in-service stage length of 880 km (475 n.mi.) and 58 percent passenger load factor. weight penalty, and an increase in drag due to the effect of The propeller slipstream on the wing. aerodynamics. These are two of the critical technology areas that are currently being investigated and will be discussed again later in this paper..
Oaeratinp Cost Savings
The direct operating cost (DOC) savings identified in these studies ( fig. 9 ) reflect the differences identified in the fuel savings comparisons. The largest DOC savings were obtained for the DC9-30 prop-fan derivative, even at the lower propulsion system efficiency with a TSFC -0.0736.kg/hr/N (0.65 lb/1b/hr). The DOC savings for this aircraft at a stage length of 537. km (290 n.mi.). were 5.5 percent for fuel at 7.92p/liter (30 0/ gal)and 9.9 percent for fuel at 15.85 a/liter The fuel savings for the Boeing prop--tan air-. craft compared with an equal technology turbofan (819) were more modest, amounting to 13.5 percent for the wing-mounted configuration at a 926 km (500 n.mi.) stage length and 13 percent for the aft-mounted configuration. These smaller fuel savings reflect the Boeing study assumptions of prop-fan noise level in cruise 10 dB higher than Fuel Savings the long range noise goal, suggested by Hamilton Standard,. resulting in alarger acoustic treatment (60 C/ gal). The Lockheed prop-fan aircraft obtained a DOC saving for a stage length of 880 km (475 n.mi.) of 5.9 percent for fuel at 792 C/liter (30 C/ gal) and 8.5 percent for 15.85 o/liter (60 y/ gal) fuel. For the Boeing wing-mounted prop-fan, the DOC savings for a 963 km(520 n.mi.) stage length were 4.3 percent with 7.92 y/liter (30 C/ gal) fuel and 6.5 percent with 15.85 y/liter (60 C/gal) fuel. The variation in the DOC savings percentage with stage length reflects the trade between the fuel savings percentage decreasing with Increasing stage length while fuel cost, as a fraction of DOC, increases.
Passenger Acceptance
In considering the introduction cf a new generation of advanced turboprop transports, one nontechnical area p f concern involves the question of passenger acceptance of such an aircraft. Would airline passengers perceive the advanced turboprop as a step backward and hence be reluctant to fly on an aircraft with exposed p ropellers? In order to answer this question and to provide some guidance on the relative importance of different aspects of ynirline flight, an in-flight passenger surveỳ l0^w as conducted by United Airlines ( fig. 10 ). Some 13 500 questionnaires were circulated on 127 flights over 119 route segments covering stage lengths from 370 to 4260 km (200 to 2300 n.mi.). A total of 4069 passengers responded to the survey. The first part of the questionnaire included general questions on trip purpose, previous flying experience, and the relative importance of different aspects of the flight. Averaging the responses, of the seven aspects of flight that were listed,seating comfort was ranked most important, followed by speed, smoothness (lack of vibration), ride (lack of bumpiness), quietness, flight attendants, and food. Overwhelmingly, the most desired change was less expensive fares, sad the least acceptable change was slightly closer seating.
After reading a description of the prop-fan and looking at a picture of it, the passengers were asked how they would feel about flying in a propfan airplane for a trip such as the one they were on. In response to this "baseline" question, almost half (49 percent) indicated they would. not care one way or the other, 37 percent would like to tr y the prop-fan airplane, and 14 percent would not. The passengers were then told to suppose that the prop-fan airplane used 20 to 30 percent less fuel than a jet aircraft. With fuel conservation in mind,. 76 percent indicated they would like to try the prop-fan airplane, 17 percent were neutral, and 7 percent would rather not. Finally, when told that air fare increases of the future might be avoided because of the savings associated with the new prop-fan airplane, 65 percent indicated they would like to try the prop-fan,9 percent were neutral, and 6 percent would rather not.
prop-fan fare differential."
Summary of Study Results
The results of the design studies conducted thus far ( fig. 11 ) indicate a potential fuel savings of 10 to 20 percent for a prop-fan powered aircraft relative to comparable technology turbofan for the same mission cruising at Mach 0.8. This corresponds to a fuel savings of 20 to 40 percent relative to current turbofan aircraft, depending on the current aircraft against which the comparison is made. Accounting for all the design differences between the prop-fan and turbofan-powered aircraft, these fuel savings would result in a savings in direct operating cost rnnging from 3 to 6 percent with 7.92 y/liter (30 a/ gal) fuel to 5 to 10 percent with 15.85 C/liter (60 0/gal) fuel.
The results of a passenger survey indicate thet passengers would accept the introduction of a new prop-fan transport. In fact, they would welcome it if it saved fuel and held fares down while providing equivalent comfort levels..
All of the design studies recommended research and technology efforts in four major areas; propeller efficiency, propeller noise and fuselage noise attenuation, airframe/engine integration, and propeller and geaibox maintenance. The following sections will discuss the current research programs in each of these areas and NASA's preliminary plans for continued development of the advanced turboprop concept.
Current Research Programs
Propeller Efficiency.
,
From an analysis of the survey results, United Airlines reached the following conclusions: "Though preferring a jet today, a passenger would In the past, propellers were very efficient at cruise speeds up to about Mach 0.65. Above this speed, increased drag due to compressibility losses on the propeller blades caused efficiency to fall rapidly. One way to lower compressibility losses is to increase the Mach number at which drag rise occurs by using thinner airfoil sections than employed in the past. In the 1950'x, when fabrication was limited to all metal blades, full-scale construction of very thin blades was not possible. Now, however, with the use of composite materials and advanced construction techniques it is possible to construct blades with thinner airfoil sections and more optimum shapes. Compressibility losses at the blade tips can be reduced further by sweeping the blade leading edge soasto keep the flow subsonic, normal to the leading edge. This reduces shock strength at the blade tips and thus . reduces compressibility losses. Still a third way to lessen compressibility losses is by proper contouring of the spinner and nacelle to reduce the axial Mach number in the hub region of the propeller. In this region, thick blade sections and closely spaced blades could result in local flow choking.. By carefully area ruling the spinner, however, compressibility losses in the propeller .hub region can be minimized. fly an advanced prop-fan having jet equivalent speed, seating comfort, and ride quality if Ie per-
The .desire to cruise at Mach 0.8 above 9.144 ceived a significant: fuel savings attendant with km (30 000 ft) altitude, as in current turbof4Y the prop-fan.The passenger would fly an advanced powered aircraft, not only requires propellerr, pith prop-fan with a trip time measurably longer than low compressibility losses but in addition rcqufresjets If direct financial advantage vas associated apropeller power loading several times higher than with the prop-fan; e.g., a posted discernible jet/ that of conventional propellers in order to hcep propeller diameter at a reasonable value. In order to achieve the higher power loading moot efficiently, the number of propeller blades is increased from 4 to 8 or 10. From studies of highly-loaded, eightbladed propellers designed for low compressibility losses, it has been estimated that an advanced turboprop could be designed with an installed propulsive efficiency at Mach 0.8 cruise that would be about 20 percent higher than that for the beet advanced turbofan.( Il) In making this estimate, a propeller net efficiency of 80 percent was used?.
Two advanced propeller models 62.23 cm (24.5 in.) in diameter were designed and wind tunnel tested to evaluate their performance. The work was done by Hamilton Standard under rantract to NASA-Lewis Research Center. The two models are shown in figure 12 installed on a 373-kW (500-hp) propeller test rig in the United Technologies. Research Center large subsonic wind tunnel. The models were composed of blades, spinner, and a simulated axisymr metric nacelle. Both propellers used the same nacelle geometry, which had a ratio of maximum diameter to propeller diameter of 0.35. The two configurations were essentially the same except that SR-1, the swept-bladed propeller model ( fig. 12 (a)), included 300 of aerodynamic sweep at the tips of the blades while the blades of SR-2 were straight (fig..
12(b)).
Asummary of the cruise performance at Mach 0 , g (12, 13) is shown in figure 13 for both the sweptbladed propeller (SR-1) and the straight-bladed propeller(SR-2). Comparisons are made between the experimentally measured efficiency and the analytically predicted efficiency. In both cases the measured efficiency was close to the predicted value. These propeller models are now under test at NASA Lewis Research. Center to confirm'rhese preliminary test results. In addition, an improved version of the swept model will be tested that should show a higher efficiency than the initial swept . model. From the testa conducted to date of two highlyloaded, high-speed propeller models, it appears likely that the goal of 80 percent propeller net efficiency at Mach 0.8 will be attained.
Propeller Noise and Fuselage Attenuation
Propeller noise. In order for an advanced turboprop aircraft to be competitive with an advanced turbofan aircraft, the turboprop cabin interior during cruise should be equivalent do comfort (low levels of noise and vibration) -to that of the turbofan aircraft. A quiet cabin interior will be more difficult to achieve in the turboprop aircraft This is because its fuselage is in the direct noise field of the propeller whereas the inlet duct of a. turbofan shields the fuselage from fan noise.
Some preliminary noise tests of SR-1 and SR-2 were completed in 1976 in the UTRC Acoustic Research Tunnel ( fig. 14) . In order to simulate Mach 0.8 cruise operation, the tunnel is operated at its maximum throughflow Mach number (Mach 0.32) and the propeller model is oversped so that the blade tip relativC Mach number is the same as for the Mach 0,6 cruise condition. In simulating Mach 0.8 cruis e , the propeller model has only two blades because of-'4e limited. horsepower of the electric drive rig. Microphones were located on a line parallel to ( b +' propeller axis of ititation at three to&.jl F. utanlces in the neat field and one radial distance in the far field. Measured noise levels in the tunnel were compared with levels predicted by a theoretically based computer program. Empirical adjustments were made to the noise prediction program, which was then used to predict full scale propeller noise at the desired altitude and cruise speed.
The results of these tests and the application of the empirically adjusted propeller noise prediction program are shown in figure 15 . With conventional, straight, thick blades (t/c -6 percent at the blade tip), the overall near field sound pressure level (SPL) would be about 151 dB at Mach 0.8. The SPL of SR-1 and SR-2 was 14613 dB. At the blade tips, thickness to chord ratio was 2 percent. For SR-1 sweep was 300 . SR-1 was designed for good r.erodynamic performance with little compromise for low noise. The reduction. in SPL was mostly due to using thinner blades. The propeller models SR-1 and SR-2 were also tested at low forward speeds corresponding to takeoff and landing conditions. These noise levels scaled from the test date were cl g sz to those predicted from empirical equations.
Fuselage attenuation. The propeller noise .levels indicated. In figure 15 will require a sub-. stantial amount of fuselage acoustic treatment in order to obtain an internal cabin noise level comparable to that for the advanced turbofan aircraft. In the Boeing study, (8 1 9) a prop-fan noise level 10 dB higher than the long range goal (approximately the levels indicated in the initial anechoic chamber tests) was assumed. Using this noise level, the maximum additional fuselage noise attenuation required for the Boeing wing-mounted prop fan aircraft was 25 dB ( fig. 16 ). Because this noise is primarily low frequency, it is very difficult to attenuate with conventional lightweight acoustic treatment..
The approach used in the Boeing study involves technology advances in attenuating low frequency noise. For the high noise areas of the fuselage, Boeing used a combination of tuned structure, laminated skin and highly .damped doubled f rames and stringers to achieve the desired attenuation. The additional structural weight penalty for this noise attenuation amounts to 2267 kg (5880 lb) for the Boeingprop-fan aircraft ( fig. 17 ) reducing the potential fuel savings by 2 percent. With conventional noise attenuation techniques usingmass damping , this weight penalty could be as high as 3630 to 4540 kg (8000 to 10 000 lb). On the other hand, if the propeller source noise could be reduced by 10 dB, to the long range noise goal of 136 dB, the acoustic treatment weight penalty could be as low as 680 kg (15u0 lb).
An alternative method of reducing the cabin noise is by moving the engines to another location, as with the Boeing aft-mounted. configuration. At this location, the propeller plane is behind the aft fuselage pressure bulkhead and only a very small portion of the passenger cabin requires additional acoustic treatment to get down to turbofan cabin noise levels ( fig. 18 ). However, because the propeller tip clearance is reduced, some additional structure is required to prevent acoustic fatigue for the 60 000 hour design life. The added skin thickness results in a. weight penalty of 807 kg (1760 lb), costing 1 percent in potential fuel savings, and further aggravating the balance problem for this configuration.
Airframe-Propulsion System Integration
The initial systems studies (3) (4) (5) (6) (7) (8) (9) identified the integration of the turboprop propulsion system with the airframe as one of the art-us of high uncertainty that requires additional research. The integration of a turboprop is more critical than that of a turbofan because of the large interaction between the slipstream and wing. As outlined is the studies, the combination of a supercritical swept wing and the highly loaded propeller can give rise to a considerable level of aerodynamic inter ference. Inherent in the slipstream are Mach number and swirl increments of approximately 0.05 and 6.0 0 , respectively. Both of these flow perturbstions can significantly affect the flow over a supercritical wing which has been designed to operate at a specific Mach number. Either can cause the section of the wing within the slipstream to operate well into drag-rise, effectively reducing the installed performance of the propeller. In addition, the propeller will be subject to a nonuniform flow field created by the airframe, thus potentially reducing its performance.
To reduce the uncertainties associated with the installation of these advanced turboprop propulsion systems, a. combined experimental and analytical research program has been initiated. The primary objectives of the effort, as enumerated in figure 19 t are to assess the magnitude of the aerodynamic interference, to understand the aerodynamic phenomena associated with the installation, and to develop an analytical and experimental data base.. The determination of the aerodynamic interference between the propulsion system and airframe will significantly contribute to the technology base required to establish the overall performance potential of the proposed high-speed turboprop aircraft; thus providing amore concrete basis upon which to establish the future program effort. The design and optimization of the propulsion system installation requites a detailed understanding of the aerodynamic and flow characteristics associated with this type. of installation. The development of the analytical and experimental data base will contribute to this understanding.
The near term experimental effort includes two complementary test programs. The first uses a simulated propeller sli p stream while the second employe an active propeller. The first program, referred to as the slipstream simulator program, is schematically illustrated in figure 20. The objective of the test is to acquire fundamental force and pressure data an the interaction of a representative slipstream and a supercritical wing. The slipstream will be generated using an ejector driven nacelle strut mounted in front of a transonic wing-body model. The ejortor driven nacelle is powered by 20 sets of ejector nozzles which control the energy and hence the velocity of the slipstream. The nacelle also includes a set of swirl vanes to induce swirl into the slipstream. The wing-body model is mounted on a force balance and the wing is pressure instrumented. With this .arrangement, the effects of slipstream Mnch number and swirl on the wingbody forces and pressure can be determined. To provide a more detailed understanding of the Interaction bvtwi .• n the slipstream and wing , a wake rake Is being used to rr ., ure the wake characteristics along the span of the wing. This information will provide a detailed description of the local drag characteristics along the wing and identify the local drag increments resulting from the slipstreamwing interaction. The wing-body model along with the wake rake installed in the Ames 11-by 11-Foot Wind Tunnel is st9wm in figure 21 . The actual test program using the s;dpstream simulator will be conducted in the latter part of FY'77 in the Ames 14-Foot Wind Tunnel.
To provide a more accurate estimate of the interference between the propulsion system and the airframe including the effects of the installation on the actual propeller performance, a second test program using an active propeller mounted on a semi-span wing-body model is being pursued. A schematic of the proposed model is shown in figure 22. To ensure consistency between these results and those of the isolated propeller tests and also to allow the propeller blades to be interchangeable between the two test programs, the wingbody model was sized to match the 62.2 cm (24.5 in.) diameter propellers previously tested. Furthermore, the semi-span wing-body model is scaled version of the full-span model used in conjunction with the slipstream simulator. Thifi will allow n detailed comparison of the data from bath the slipstream simulator and active propeller tests. The propeller on the semi-span model will be powered by an air turbine motor and be instrumented for propeller thrust and power. The wing-nacelle combinationwlll be mounted on a floor balance and be extensively pressure instrumented. The tests are planned for the Ames 11-by 11-Foot Wind Tunnel in the early part of FY'79.
The relative merits of these two test programs to assess the airframe-propulsion syrtem interference effects are outlined in figure 23 . The slipstream simulator program, although providing only an approximate simulation in terms of slipstream Each number and swirl, does allow the individual interactions to be investigated separately . and/or in combination. Due to. the necessity of maintaining the alignment between the ejector nacelle and the free-stream flaw direction, only measurements corresponding to the conditions around the cruise angle of attack can be obtained. However, the relative position of the slipstream and wing can be easily varied. In contrast the powered semlspan model provides an accurate and complete simulation of the flow field over the full angle-ofattack range. Under this condition, however, it is more difficult to identify the effects of the various flow perturbations and to vary them to establish trends that can be used to optimize the installation. Jointly though, these two test programs. should provide a detdiled understanding of the various interference effects and establish an accurate assessment of installed performance of these highspeed turboprops.
To provide an analytical base for the integration of these advanced turboprop propulsion systems, two approaches are being pursued. The first is to apply existing linear paneling techniques to the wing-nacelle-slipstream combination along the lines described in reference 14. Although these techniques are applicable only suberitically, it is believed that many of the potential transonic flow problems can be identified by examining the local pressure distributions at suberitical conditions. A number of different paneling techniques arc being applied to this area and include those described in references 14 to 16. The accuracy of these methods will be evaluated using the experimental results obtained from the test programs. As a long-range analytical effort, the development of a transonic computational technique will be supported. The objective of this effort will be to develop a computatlonal tool capable of analyzing a wing-nacelleslipstream combination under transonic flow conditions.
The higher turboprop maintenance cost ($53.18/(11 rather than $42.30/PH) resulted from scaling the turboprop so that its thrust equaled the thrust of the JTBD turbofan at Each 0.8 climb and 10.67 km (35 000 ft) altitude. In this comparison, turboprop maintenance cost exceeds turbofan maintenance coot by $14.28 per engine flight hour or by 37 percent. Most of the difference ($9.59) is due to the higher maintenance cost of the older-technology turboprop core. The remaining difference ($4.69) comes from the higher maintenance of the turboprop's propeller and gearbox as compared with the maintenance cost of the turbofan's fan and thrust reverser.
The study of past and current turboprops indicated that an advanced turboprop for the 1990 era must incorporate many changes. On-condition maintenance must replace scheduled. overhauls. This alone has the potential of eliminating about 45 percent the current turboprop maintenance cost. The entire propulsion system must be designed using modular concepts so that failures and resulting removal and repair can be done on small equipment packages with little or no disturbance to the rest of the engine. Improved hardware reliability must be achieved through simplification as measured by lower parts count and through the use of improved materials and designs.
Based on a preliminary design of an advanced turboprop that incorporated the above features, a mature engine maintenance cost was calculated. The mains maintenance cot-of the 1990 era turboprop It was outside the scope of the study to do a pre-. Detroit Diesel Allison (DDA) for NASA-Lewis Research liminary design of a 1990 turbofan and estimate Center. The objectives of the study were to under its maintenance cost. But, it is likely that the stand the overall reliability and maintenance costs maintenance cost of an advanced core in a 1990. (R611C's) of past and current turboprop systems and turbofan would be about the same as that for an adthen to project the RSMC improvements that could be vanced core in a 1990 turboprop, The differenca. expected from these levels to those of new turboprop between the two engines would then be in the mainsystems for the 1985-1990 IOC time period.
Hamilton tenance cost of the advanced propeller plus gearL.-x Standard (HS) was a subcontractor. to DDA and proversus the maintenance cost of the fan plus thrust vided information on past, current, and new propel-reverser. The maintenance cost of the 1990 propellers.
let and gearbox was calculated to be $0.98 per engine flight hour. Since it is not likely that fan The aircraft studied were the Lockheed L188 and reverser maintenance costs would be much below Electra and the Convair CV580.
These aircraft were $1.00 per engine flight hour, the inference is that powered by the DDA 501-D13 turboshaft engine and the maintenance costs of advanced. turboprops and either the DDA 606 propeller or the HS 541160 pro-turbofans should be competitive. peller. The data used in the study were obtained from airline records, repair facilities, CAB Form 1990'x. Successful development of the six elements The cost drivers were found to be scheduled over-will greatly contribute to the design of a new geehaul, lack of modularity (particularly in the pro-station of aircraft that are significantly more ,.eller and the reduction gearbox),. and lack of in-energy-efficient than today's transports. herent reliability of some parts.
The objective of the Advanced Turboprop Pro-In figure 24 the high maintenance cost of the .gram is to demonstrate technology. readiness for DDA/HS turboprop is compared with the maintenance efficient, reliable, and acceptable operation of cost of the JTBD turbofar that powered 8737 air-turboprop-powered commercial transports at cruise craft during the 1971 through 1973 time period.
speeds up to Mach 0.8 and at altitudes above 9.144 _..6 km (30 000 ft) ( fig. 26 ). This technology would also apply to possible new military aircraft requiring long-range and long-endurance subsonic capability. A major goal of the program is to achieve a fuel savings of at least 15 percent relative to turbofans with an equivalent level of core technology. Using current turbofans such as the PSW dT9D and the GE CF6 as a reference, a new advanced turbofan might achieve a fuel savings of 10 percent while a new advanced turboprop has the potential of achieving a 25 percent fuel savings
The four major areas involved in the Advanced Turboprop Program are shown in figure 27 . These areas interact with each other and all contribute to the program goals of low fuel consumption, low operating coat, and passenger acceptance.
Starting with the sketch in the upper right, the propeller and its nacelle must be designed to achieve a high level of efficiency for cruise at Mach 0.8 above 9.144 km (30 000 ft). The propeller blades are very thin and have swept leading edges in order to minimize compressibility losses. The spinner and nacelle are shaped to minimize choking and compressibility losses especially near the blade roots. Successful application of these con cepts will result in a high level of propeller efficiency. This, of course, will contribute to both low fuel consumption and low operating cast, since fuel accounts for such a large fraction of operating cost.
The sketch at the lower right labeled cabin environment is a reminder that the fuselage is in the direct noise field of the propeller (whereas the inlet duct of a turbofan acts to shield the fuselage from fan noise). The propeller tips may be slightly supersonic at the Mach 0.8 cruise condition resulting in a relatively high noise level. The noise level meet be attenuated by the cabin wall in order to provide a quiet cabin environment. Since itis likely that additional airframe weight will be needed to achieve the required: attenuation, the quiet cabin environment is achieved at the expense of some degradation in fuel consumption and operating cost.
At the lower deft, the sketch labeled installation aerodynamics depicts an accelerated, swirl-1
The sketch in the upper left shows the mechanical components of an advanced turboprop propulsion system. Two of the components are singled out as being especially important in achieving a low operating cost; the advanced propeller and its gearbox. Their maintenance costs must be greatly reduced relative to values experienced previously in operation of commercial turboprop aircraft. In the advanced turboprop transport studies, the estimates of propeller and gearbox maintenance costs took credit for advanced design features providing better modularity and increased mean time between failure of components. The estimates were much lower than the maintenance costs experienced an the propellers and gearboxes of the Lockheed Electra. Measures planned to reduce propeller and gearbox costs are, therefore, crucial to achieving the low operating coat potential of advanced turboprop transports.
The Advanced Turboprop Program must address all of these areas, to some extent, if the large fuel-saving potential of turboprop-powered aircraft is to be realized in the future. While not yet fully defined, a preliminary approach to the Advanced Turboprop Program is shown in figure 28.
Enabling Technology
The Enabling Technology phase is an effort that is estimated to require approximately 3 years to accomplish. This effort is in current NASA planning for initiation in FY 1978. The work labeled "propeller aerodynamic/acoustic design and test" will establish a propeller aerodynamic and acoustic design for future scale-up effort. Wind tunnel tests will be performed to determine the aerodynamic and acoustic performance of two-footdiameter models. Since only a limited number of models can be tested, it is important to develop reliable analytical programs in conjunction with the testing to enable prediction of propeller noise and aerodynamic performance. The next effort, called "propeller structures/ materials," will establish the propeller structural design for future scale-up effort. The effort includes performing preliminary designs of advanced large-scale propeller blades; screening of blade materials and structural concepts for feasibility and aeroelastic effects; model tests of blade segments; and wind tunnel tests of propeller/nacelle models, both alone and mounted on an aircraft model, to determine aerodynamic excitations forces on the propeller blades.
Under "installation aerodynamics," analysis and wind tunnel tests will be performed to evaluate propellor-nacelle-wing interactions in order to develop a data base for propeller slipstream swirl recovery and the avoidance of excessive installation drag.
In the next effort, "cabin acoustics," there would be studies of fuselage-wall acoustic attenuation concepts, model tests of promising concepts,. and an investigation of the feasibility of scaling fuselage acoustics.
The "aircraft studies" would be continued to provide guidance for the program and, as better input becomes available, to more accurately evaluate the performance and economy of future short-ing propeller slipstream flawing over a w ng. Here, there is a potential for higher drag which. would adversely affect fuel consumption and operatingcost. The increased Mach number of the flow over the wing segments washed by the propeller slipstreams and the flow rotation in the propeller slipstreams may cause large interference drag penalties in cruise. On the other hand, there is the possibility that fuel consumption and operating cost can be improved by special tailoring of the wing segments washed by the propeller slipstream. The magnitude of swirl in the propeller slipstream results in very substantial dosses in propeller efficiency which are attributed to the swirl componone of slipstream momentum. A properly designed wing in the slipstream can be expected to straightan the flow and to experience a corresponding thrust force. This resulting thrust force may off-. setor .even exceed the drag penalties due to propulsion system/airframe interference. Because of the complexity of the aerodynamic processes invalved, detailed wind tunnel testing will be required to provide reliable answers. range and medium-range transports powered by advanced turboprop engines. The studies to date allow fuel-savings and operating-cost advantages with uncertainty bands. These bands will be narrowed as the advanced turboprop program yields more precise knowledge in such areas as propeller noise generation, engine-aircraft installation aerodynamics, and fuselage-wall noise attenuation.
Under "mechanical components and engines," existing gas-turbine shaft engines and cores of existing turbofan engines will be screened for use as large-scale propeller drives. Also, design concepts for advanced gearboxes and pitch change mechanisms will be developed and evaluated in order to select the concepts for possible follow-on efforts with large-scale components.
The Enabling Technology phase of NASA's Advanced Turboprop Program is a multicenter endeavor with the Lewis Research Center having total program responsibility. The Lewis, Ames, Langley, and Dryden Flight Research Centers will have combined in-house/contractual efforts in work arena wherein center expertise resides. In general, the required work is carried out at small scale in order to reduce costs and achieve results quickly. Another characteristic of this first phase is that theory and experiment are brought along together. This also is expected to reduce coat and should save time.
Future Plans
Based on continued success in the Enabling Technology effort, and on the Psual budgetary approvals, the next step in the program would be t second phase labeled Advanced Components in figure 28. In this effort, propeller diameter would be scaled to a more realistic size over the twofoot-diameter models of the Enabling 'Technology effort, possibly to a diameter of 8 to 14 feet. Under "advanced propeller development," this larger diameter propeller would undergo aeroacoustic tests either in a wind tunnel or in a flight test. These. tests would verify the aerodynamic and acoustic characteristics of the advanced propeller design established at the end of the Enabling Technology effort. The larger diameter propeller would be driven by a turboshaft engine derived from a current turbofan core or a modified shaft engine. By means of component static tests, an advanced largescale gearbox and pitch-change mechanism would be developed. The continuing effort in installation aerodynamics would investigate, in the wind tunnel, the stability, control, and loads of turboproppowered aircraft. In cabin acoustics, an acoustic design concept would be selected and investigated by way of fuselage model and segment tests. The aircraft studies would include potential commercial turboprcp-powered aircraft and passible commercialtype test-bed. aircraft. Finally, a test-bed aircraft would be selected for use in the next major phase of the program. This next phase, Systems Integration, would involve flight testing of a complete turboprop engine (or engines)on a test-bed aircraft. The engine would be comprised of the large-scale components developed under the Advanced Components phase. These would be assembled with the appropriate core or shaft engine, and ground tested to evaluate component rompatibility. and tunboorc; sye-8 tem performance. The engine would then be mounted an an appropriate test-bed aircraft and flight tested.
Candidate test-bed aircraft might be modified. first-generation jet aircraft such as the 707, the DC-8, or the CV-990. Modifications might involve moving the two inboard. jets to the outboard locations. With two podded jets at each of the outboard locations, the total jet thrust of the aircraft would thus be preserved. An advanced turboprop propulsion system could then be installed at each of the inboard stations. The aircraft fuselage would be modified to incorporate the acoustic design concept developed under the Advanced Components phase. Using such a test-bed aircraft, flight tests would be conducted to evaluate and verify the system interactions of advanced turboprops. The advanced turboprops would then be operating in a real-world environment that would subject the turboprops to operational conditions such as icing, POD, cross flaw, and thrust reversing. Through these flight tests, two major goals would be demonstrated: (1) the fuel savings potential of advanced turboprops and (2) an acceptable cabin environment.
Concluding Remarks
In order to retain a viable air transportation system in the face of rising fuel prices and diminishing fuel supplies, it is very important to consider all the alternatives that could increase air transportation's energy efficiency. In the recently completed RECAT (Reduced F.nor for Commercial Air Transportation) studies, (3-1gy alternatives ranging from small changes in operating procedures to the introduction of new advanced technology aircraft were examined. The results of chase studies ( fig. 29 ) indicated the improvements that could be obtained by operational procedures (including flight procedures, load factor increases, seating density increases, and fleet mix) in the near-term, aircraft modifications and derivatives in the midterm, and new advanced technology aircraft in the far-term. The fuel savings potential for an advanced turboprop-powered aircraft looks particularly attractive. If the performance and low maintenance cost goals for the prop-fan can be achieved, the operating c pet savings are also significant, particularly at higher fuel prices. It has been suggested that because of the high costs associated with the development and introduction of a new aircraft, a new passenger transport will net be developed unless it offers direct operating cost savings at least 20 percent better than existing designs. (17 ) The advanced turboprop or propfan may provide a large fraction of this savings. Indeed, the advanced turboprop may be required in order to meet this requirement. 
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